We have developed a system to automatically acquire cryo-electron micrographs. The system is designed to emulate all of the decisions and actions of a highly trained microscopist in collecting data from a vitreous ice specimen. These include identifying suitable areas of vitreous ice at low magnification, determining the presence and location of specimen on the grid, automatically adjusting imaging parameters (focus, astigmatism) under low dose conditions and acquiring images at high magnification to either film or a digital camera. This system is responsible for every aspect of image acquisition and can run unattended, other than requiring periodic refilling of the cryogens, for over 24 hours. The system has been tested out on a variety of specimens which represent typical challenges in the field of cryo-electron microscopy. The results show that the overall performance of the system is equivalent to that of an experienced microscopist.
Introduction
Cryo-electron microscopy is proving to be one of the most important structural approaches in cell biological investigations. The method relies on the acquisition and analysis of large numbers of electron micrographs of macromolecular structures, which are usually preserved in vitreous ice. However, despite the obvious utility of these techniques they have not been routinely applied in large numbers of laboratories. Part of the explanation lies in the difficulty and tedium associated with collecting sufficient data to complete a three dimensional reconstruction. In general the techniques associated with cryo-electron microscopy are challenging to master and require frequent practice to keep up a reasonable level of expertise. Furthermore, in order to determine structures to high resolution, very large numbers of images must be acquired. The exact number needed depends on the size of the macromolecule and the desired resolution of the reconstruction. These numbers have been estimated (Henderson, 1995) and while some of the details of these estimates remain under discussion, it is generally agreed that in order to interpret a structure to atomic resolution data from hundreds of thousands of copies of the macromolecule must contribute to the average. Depending on the number of macromolecules imaged on each micrograph, this in turn requires the collection of thousands to tens of thousands of electron micrographs. The current state of the art requires that these images be acquired manually by a highly trained microscopist.
We propose that automated methods for data collection and analysis will have a significant impact in transferring the cryo-electron microscopy technology to the general biological community as well as in increasing the volume of data that can be collected during a single session at the microscope.
We have thus developed an automated system that can emulate all of the decisions and actions of a highly trained microscopist in collecting data from a vitreous ice specimen. This includes identifying suitable areas of vitreous ice at low magnification, determining the presence and location of specimen on the grid, automatically adjusting imaging parameters (focus, astigmatism) under low dose conditions and acquiring images at high magnification to either film or a digital camera. This system can run unattended for over 24 hours and is responsible for every aspect of image acquisition; the only intervention required of the operator is the periodic refilling of cryogens. While there are a number of other semi-automated systems (Oostergetel et al., 1998; Stewart et al., 2000) that relieve the operator of some of the tedious tasks associated with data acquisition, in these systems the operator needs to identify suitable areas of the grid, select the location for each image to be acquired, and provide input to the system during the data acquisition process. Thus, while these systems may be useful in practice, they do not solve the problem that an expert microscopist is required in attendance at the microscope at all times. Our goal in this project has been to develop a system that can be easily set up and left unattended to continuously acquire images. In this paper, we will describe the underlying methods used to develop the system and to evaluate its performance on several test specimens.
The results show that the data collected by the automated system is comparable in quality to data collected by a human operator.
Methods

Specimen Preparation
In cryo-electron microscopy (Dubochet et al., 1988) , images are obtained of specimens preserved in vitreous ice and suspended across a hole in the supporting carbon substrate.
Grids are prepared by blotting a buffer containing the specimen to a thin film and plunging the film rapidly into liquid ethane. Optimal imaging conditions are based on the size of the hole and thickness and quality of the ice. We have used holey grids provided by Quantifoil Inc. (Ermantraut et al., 1998) as our specimen substrate. These grids provide holes of fixed size and geometry and greatly simplify the algorithms required for automated identification of the holes. Specifically we used holes of 2um diameter spaced either 4um or 6um apart. Routine preparation of grids that are covered by ice of optimal thickness (500-1500A) remains a challenge even for experienced microscopists.
Frequently, there are only limited areas of the grid that contain ice of suitable quality and thickness. Other problems are encountered in evenly distributing the specimen across the grid. If the density of the specimen is low, the yield of images that contain specimen is correspondingly low. On the other hand, if the density of the specimen is too high it is not possible to isolate individual macromolecules in the images for further analysis. One of the tasks of a microscopist, and thus of an automated system, is to examine the grid at very low magnification in order to identify areas that are suitable for further examination and imaging.
Microscopy
The automated system has been developed on a Philips CM200 transmission electron microscope interfaced to a Gatan 1Kx1Kx12bit MSC CCD camera. Currently the system runs in two separate facilities; the Beckman Institute for Advanced Science and
Technology in Illinois and the Scripps Research Institute in La Jolla where the CM200 is equipped with a field emission gun. Both microscopes are equipped with a Gatan cryotransfer system. The CM200 is controlled by a UNIX workstation running the emScope software library (Kisseberth et al., 1997) and connected via a serial port to the microscope. The Gatan camera is controlled through a plug in to the Digital Micrograph program running on a Macintosh workstation.
Computation
The overall software system, called Leginon, runs on a UNIX workstation. A variety of different versions of Unix have been used during the course of these experiments (IBM AIX, SGI Irix, Linux) and the code runs transparently on any of them. The user interface to the system has been developed using the Tcl/Tk scripting language (Ousterhout, 1994) interfaced to the viewit image processing package (Potter and Moran, 1992) . The interface communicates to the TEM using Tcl extensions to the emScope software library (Kisseberth et al., 1997) and to the Gatan camera over a network connection to the Digital Micrograph plug in. Our design goals were to keep the system modular and flexible and to reuse as much existing code as possible in order to minimize development time. Tcl/Tk was used to develop the user interface as it is well supported on Unix platforms and includes an optional graphical user interface. The system can also be monitored using a web browser interface that displays the current status of the experiment and the last set of acquired images. This is useful in that a long experiment can be monitored from any convenient workstation, which might be located in nearby office or from any remote location.
Automated collection of cryo-electron micrographs
Overview
Our goal was to develop a system that would reproduce the actions of a skilled microscopist in acquiring images from vitreous ice specimens. As translated into a series of steps performed by our automated system, these tasks are outlined in figure 1 and illustrated by images in figure 2 . Briefly, vitreous ice specimens are prepared over Quantifoil grids (Ermantraut et al., 1998) that provide a holey substrate with a welldefined geometry. The specimen grid is inserted into the microscope and a short sequence of calibrations and alignments are performed by the operator to define the geometry of the grid and the preferred collection parameters for the specimen. The automated system then systematically scans the grid starting with the collection of a low magnification image of each grid square (figure 2a). The low magnification image is first examined to determine if the grid square is intact and free of contamination. The grid square is then analyzed to identify target holes that contain ice of suitable thickness. For sparsely distributed specimens, an image of each target hole is then acquired at an intermediate magnification ( figure 2b ). This image is analyzed to detect the presence of specimen and, optionally to target the location of the best specimen within the area.
Procedures for focusing and adjusting astigmatism, as well as ensuring that the specimen is not drifting, are next performed under low dose conditions. Finally, a high magnification image is acquired, either to film or to the digital camera (figure 2c). In each of the sections below we will describe the technique used and provide some results as to the performance of the system in practice.
Initial Calibration and Setup
During initial calibration and setup, the instrument settings which define parameters for searching the grid, focusing, and acquiring a high magnification image under low dose conditions are set and recorded. We have developed a set of tools that assist the user in defining the low dose imaging conditions. These tools provide semi-automated methods for calibrating image shifts that are used to m aintain the image of the specimen at the center of the viewing screen as the magnification changes. Maintaining a feature of interest and the electron beam in the center of the field of view as the magnification changes repeatedly over several orders of m agnitude posed unexpected difficulties.
Hysteresis effects in the electromagnets on the electron microscope column resulted in shifts in the image and beam over time during protracted data collection runs. If the images were being collected manually this would not pose a problem as the operator would simply tweak the settings occasionally to recenter the image and the beam but we wanted to remove this necessity. The major cause of hysteresis resulted from changing to very low magnifications (660x) because the objective lens of the microscope is turned off at this magnification. We solved this problem by working the engineers at Philips to reprogram the lens currents on the microscope column so that we could reach the low magnification settings without turning off the objective lens. In addition we also always fully saturate the lenses after every magnification change. The relative beam and image positions are now stable over a 24 hour period during which the magnification is changed thousands of times.
As part of the grid calibration step, a number of parameters are measured and recorded.
These include the orientation of the grid bars; the geometrical arrangement of the holes;
and the selection of a desired range of ice thickness to be used when selecting target areas where high magnification images will be recorded. At the beginning of each session stored values which define the calibrations for automatically setting focus and astigmatism can also be checked. However, we have found that these settings are extremely stable and do not usually need to be recalibrated. We have standardized most of the setup procedures so that each session starts out with the previous sessions parameters as a starting point. Currently the initial setup and calibration steps take less than a half hour to complete.
Low Magnification Image Acquisition and Analysis
After the initial calibration is completed the next step is to identify individual grid squares that are intact, uncontaminated and contain holes with suitable v itreous ice. In the automated system this is achieved by acquiring and analyzing a low magnification (660x) image of an entire grid square (figure 2a). There are between 500 to 1000 individual squares on the grids that we typically use. Images of each square can either be acquired systematically starting from a central point or the operator may define certain areas of the grid where data acquisition is preferred. Each low magnification image is analyzed to assess the overall integrity of the grid square (is the substrate torn or damaged? is the ice contaminated?) and to identify target hole locations for subsequent image acquisition at higher magnifications. Suitable target holes will contain specimens embedded in uncontaminated ice of the correct thickness.
Within each grid square, holes are identified by correlation template matching followed by a procedure to iteratively determine the geometrical parameters that describe the Quantifoil lattice and estimate the thickness of the ice (Carragher et al., 1999) . The algorithm to identify holes includes steps to (i) edge sharpen the image using a Laplacian mask; (ii) correlate the image with a synthetic template of an edge sharpened hole; (iii) determine the coordinates of each hole center by finding a local maximum in the correlation map; (iv) check if the hole coordinates fit the local lattice that defines the hole geometry; and (v) calculate the mean and variance of the image intensity within each hole to provide an estimate of ice thickness and consistency. The size of the template is based on the diameter of the hole and is set during the initial calibration procedures.
One of the advantages of the automated system is that it provides a quantitative measure of the ice thickness that is reproducible from session to session. The thickness of a vitreous ice layer can be estimated as (Eusemann et al., 1982; Lepault et al., 1982) :
where I 0 is the intensity of a bright field image in the absence of ice and I is the intensity of the image in the presence of an ice layer of thickness t. K is a constant that is dependent on the geometry of the microscope. For our microscope operating at 120KeV
we estimate K to be approximately 1? m. The unattenuated beam intensity is measured during the initial calibration step. We use this relationship to set parameters on the automated hole finder to find only those areas of the grid which contain ice of a specified thickness.
The automated hole identification technique described is extremely robust even for grids where the carbon foil has been damaged and the geometrical lattice distorted. The method appears to be very reproducible between sessions and between specimens and requires minimal modification of parameters by the user. Visual inspection confirms that, of the hole locations identified, over 95% are appropriate targets. The parameters which are used to select ice thickness have been optimized to mimic the range of ice thickness that would be chosen by an experienced microscopist. We estimate that the parameters that we currently use represent a range of ice thickness from 50-150 nm. We have found that once these parameters are established they can consistently be used between experiments to select ice of a predictable thickness.
Intermediate Magnification Analysis and Targeting
Once holes containing ice of suitable thickness have been identified, the hole must be located at the center of the field of view, and a decision must be made as to whether the hole is suitable for further analysis. The accuracy with which the selected hole can be relocated to the center of the field of view depends on the accuracy with which the goniometer on the TEM can be moved to an absolute location. The accuracy of the an order of magnitude less than required for the automated system. To achieve the required accuracy an approach was developed in which the slew rate of the goniometer is precisely characterized and used to model its behavior . Using this model, any hole within a single grid square can be positioned to the center of the field of view with an accuracy of about 0.1um.
For specimens that are uniformly and densely distributed across the grid every hole is likely to contain appropriate specimen and the center of the hole thus provides a suitable target location for high magnification image acquisition. However, there are several circumstances where it is necessary to identify the presence of specimen within a hole and, optionally, to accurately locate individual targets for imaging within the hole.
One of the applications we have been pursuing is automated acquisition of images of microtubules. A difficulty in acquiring sufficient numbers of these images is that they are often sparsely distributed across a grid and only a small percentage of the holes might contain any specimen. For this reason, each suitable hole must be analyzed in order to determine the presence or absence of filaments. Without this analysis a large percentage of the acquired images would not contain a useful specimen. If the high magnification image is acquired to a large field of view detector, like film, the entire area of the hole can be captured and thus it is only necessary to detect the presence of specimen, not target individual filaments. However, if the high magnification images are acquired with a limited field of view detector, like a CCD camera, then the specimen must be accurately located at the center of the field of view or once again the acquired image will most likely not contain a useful specimen.
We have developed an automated technique to detect and target specimens within each hole using the intermediate magnification image ( 
Focus and Astigmatism Correction
Once a decision to acquire a high magnification image has been made the specimen must be examined to ensure that it is not drifting and the focus and astigmatism must be adjusted. Drift measurement, focusing and astigmatism correction procedures are all performed by the automated system under low dose conditions (i.e. using an area of the specimen adjacent to the area that will ultimately be imaged and analyzed). The area we use is located between the holes where the background substrate provides some structural detail that aids in these measurements.
To determine drift, images are acquired at short intervals and cross correlation techniques are used to measure the displacement between these images. These drift measurements will continue until the measured displacement is less than a user specified value (e.g.
0.2nm/s). If the drift rate fails to fall below a desired value, the system moves onto the next hole and the operator is notified.
The automated focus and astigmatism correction procedures use well established methods based on beam tilt induced image shifts (Dierksen et al., 1993; Dierksen et al., 1992; Fung et al., 1996; Koster and Ruijter, 1992) . This method relies on the fact that the amount of image displacement resulting from an induced beam tilt is linearly related to the amount of defocus. Two images are recorded using beam tilts separated by several mrads and the displacement between them is measured using cross correlation techniques. The automated focusing is implemented in two steps. The initial step measures the focus and based on this measurement sets the defocus to a user specified value (e.g. -1um). A second measurement in then made and the final desired defocus value is set. If the results of these measurements are anomalous, the automated system will move to an alternative low dose focus position and try again. If this second position also produces anomalous results, the system moves onto the next hole and notifies the operator.
To evaluate the performance of the automated focus correction algorithm we directly measured the defocus set by the algorithm using power spectra of images acquired at the low dose focus position (i.e. offset from the high magnification target). The structure of the contrast transfer function (CTF) is clearly visible in these spectra and by measuring the location of the zeroes in the CTF the defocus of the image can be calculated (Erickson and Klug, 1971; Toyoshima and Unwin, 1988) . We used the results of an experiment conducted using the CM200-FEG at the Scripps Institute to acquire this data because the high coherence of the field emission gun makes the zeroes in the CTF very easy to locate.
The results show that we can accurately set defocus to within +/-50 nm (n=112) on a vitreous ice specimen even when the flatness of the grid requires shifts of many microns between target positions. This performance is comparable to that of an experienced microscopist.
High Magnification Acquisition
High magnification images can be acquired either to film or a digital CCD camera.
When shooting to film our current practice is to acquire the entire target area within t he hole onto a single sheet of film at a magnification of about 38,000x under low dose conditions (<10e -/A 2 ). The researcher then develops, prints and examines the image to identify areas that are suitable for subsequent digitization and further analysis. The resolution of the film is such that it can be digitized to provide information to an effective resolution of about 5A.
When using the CCD camera for high magnification acquisition, the identified target specimen is centered in the field of view using the image shift coils on the microscope.
We estimate that the effective resolution in the acquired digital image at 38,000x is approximately 15A and at 66,000x is approximately 10A (this is approximately 2/3 the Nyquist sampling frequency of the CCD). These estimates of resolution are based on acquired images of catalase crystals and helical TMV filaments.
Overall operation of the system
User interface
The series of steps described above is setup and controlled using a graphical user interface written in Tcl/Tk and running on a Unix platform. The main interface to the system, illustrated in figure 3a, provides overall control of the experiment and information on the current status. It allows the user to specify how images should be saved and analyzed and whether the results of any procedures should be manually confirmed. It is also used to launch a number of subsidiary stand alone tools, including an interface to set up the low dose kit, and manage the selection of grid squares.
The low dose setup interface allows for the creation of various preset imaging conditions similar to the low dose mode buttons (search, focus, exposure) on the TEM console. An unlimited number of presets may be recorded and saved. For each of these preset conditions we also record specifications for the CCD camera configuration used to record the image. These include exposure time, size, and binning factor. In addition, if the camera sensitivity has been calibrated, the electron dose at each preset imaging condition is measured and recorded.
The selection of grid squares to be systematically examined is managed using the grid window, illustrated in figure 3b . The user is required to perform a simple calibration that records the orientation and size of the grid squares and the interface then displays a map of the grid squares that are accessible within the range of the goniometer. The current imaging position is indicated on this map and the operator can navigate around the grid using the mouse. The interface is also used to specify a protocol for automatically scanning the grid. The default option is to systematically spiral out from the current position but the operator can also specify particular paths or individual grid squares.
Areas that the operator wishes to avoid and those that have already been imaged by the Leginon system are crossed off.
All options and parameters displayed on the control windows can be modified interactively while data acquisition is in progress. If the process is halted, or the system crashes unexpectedly, the interface can be restarted and the system will be restored, allowing the process to start up exactly where it left off. The system can also be monitored using a web browser interface that displays the current status of the experiment and the last set of acquired images. When the system needs attention or problems are encountered, this information is automatically sent to the operator's e-mail account and optionally to an alphanumeric pager.
There are two cryogenic systems that n eed regular replenishment of liquid nitrogen Our initial approach has been to develop a simple refilling system that allows the specimen to be kept cold but does not require that perfect imaging conditions be maintained. This allows the operator to pause the experiment overnight while maintaining the temperature of the grid (Robinson et al., 2000) .
Dosimetry
The final high magnification images can be acquired either to film or the digital camera. We have since redesigned the geometry of our Quantifoil grids (2 um holes spaced 6 um apart) to avoid the problem of multiple exposures. The remaining total accumulated dose may be budgeted for one or more high magnification image acquisitions.
Timing
Some typical running times for the Leginon system operating on a 700 MhZ Pentium III PC under Linux v 2.2. are as follows:
Step Timing
Low magnification acquisition 10 s
Hole identification 5
Intermediate magnification acquisition 10
Specimen targeting 15
Drift check 40
Focus and astigmatism correction 15
High magnification acquisition 30
These timings are not optimized for fast data collection and include the acquisition, analysis and storage of several intermediate images that we currently use to assess the performance of the system. The rate at which high magnification images can be acquired is not only dependent on the speed of acquisition and analysis but more importantly on the quality of the specimen grid. Both the integrity of the Quantifoil grid, the quality of the ice, and the density and distribution of the specimen all affect the rate at which data can be acquired. For example, the system may spend time acquiring and a nalyzing intermediate magnification images of holes that have ice of the right thickness but have no specimen in them.
Applications
We have tested and evaluated the performance of the Leginon system by applying it to three specific applications that represent typical challenges faced by cryo-electron microscopists.
Single Particles: Cow Pea Mosaic Virus
Spherical viruses represent a class of specimens that have proved very tractable to analysis using cryo electron microscopy. Several groups have now achieved reconstructions of viruses to resolutions of better than 10A. This resolution could be further improved by increasing the total number of images contributing to the three dimensional map. We used the Leginon system to acquire images of cow pea m osaic virus, an icosahedral virus with a capsid size of approximately 300A (Lin et al., 1999) .
Data was continuously collected over a period of 19 hours during which time a total of 50 grid squares were examined, 458 holes containing ice of suitable thickness were identified on these grid squares, and 439 high magnification (38,000x) images were acquired to the CCD camera. As the specimen was well dispersed across the grid and viruses were present in every hole, no intermediate magnification acquisition or analysis was performed to determine the presence of specimen or to target its location within a given hole. Instead, high magnification images were acquired at the center of each identified hole. An example of one of these images is s hown in figure 4 . The images were visually inspected and evaluated and we estimated that 350 of them contained data that was suitable for further analysis. As each image contained approximately 30-40 viruses, the experiment potentially provided about 12,000 particles that could be used for a three dimensional reconstruction.
Helical Filaments: Tobacco Mosaic Virus.
Tobacco mosaic virus (TMV) is a well characterized helical virus that has a repeating structure such that there are strong layer lines in the power spectrum at 11.5A and 23A.
It is often used as a TEM standard for calibration of magnification and determining resolution and provides an ideal test specimen for evaluating a new technique. The
Leginon system was used to acquire images of these helical filaments in several experimental sessions at the microscope. In one of these, the high magnification images were acquired at a final magnification of 66000x. Over the 19 hours of the experiment, a total of 212 grid squares were examined and 359 holes were identified as having ice of suitable thickness. Filaments were identified and targeted in 249 of these holes and a total of 215 high magnification images were digitally acquired at a magnification of 66,000x and a nominal defocus of 400nm. An example of an image and its power spectrum are shown in figures 6a and b. The 11.5 A layer line is clearly visible indicating that the CCD, at least at 120KeV and for moderate resolutions, provides a viable alternative to film provided that the individual filaments can be accurately targeted.
Helical Filaments: Microtubules
In order to reconstruct an electron density map of microtubules at 20-30A a sufficient number of images must be averaged together. Previous work shows that ~30 images of helical microtubules are needed to calculate a reliable 3D map at ~20A resolution (Sosa et al., 1997) . Acquiring these images can be a challenging task. Microtubules are linear polymers with a wide range of lengths and achieving a good even distribution of them on a frozen grid is difficult; variable amounts are removed from the grid during the blotting stage of grid preparation. In addition, only about 5% of the microtubules are helical and thus to get the ~30 images necessary for calculating a structure, ~600 microtubule images must be collected. Prints are then made from these images and the helical microtubules identified by visual examination. The selected images are then scanned on a microdensitiometer to provide optical density arrays for digital i mage analysis. Clearly this procedure is labor intensive and time consuming. The ability to automatically identify microtubules suitable for analysis during image acquisition and to collect these images in digital format would increase productivity dramatically. Here we describe two experiments to demonstrate the feasibility of automating the acquisition of these images.
The first experiment used the Philips CM-200 FEG at the Scripps Research Institute.
Leginon was used to systematically scan areas of t he grid that were identified by the operator as potentially containing suitable specimens. Seven grid squares were evaluated and 80 holes containing suitable ice were identified on these grid squares. An evaluation of the hole at intermediate magnification (6600x) was performed in order to detect the presence of filaments within the hole and 59 were identified as containing filaments. A total of 49 high magnification images (38,000x) of these holes were acquired to film and a second image was then subsequently acquired to the digital camera. The images acquired to film were processed and the films were visually inspected and analyzed on an optical bench. The optical diffraction pattern of a large area of the film was examined to identify any overall problems with drift, focus or astigmatism. The optical diffraction patterns of individual masked filaments were also inspected to determine if the 40A layer line of the microtubule was visible. This is the procedure normally used for post analysis when acquiring films using the standard manual acquisition procedures. Of the 49 films acquired, a total of 38 were acceptable in terms of imaging conditions and contained filaments that diffracted well. The remaining 11 films had various problems associated with drift or astigmatism.
A second experiment to acquire images of microtubules used the CM200 located at the Beckman Institute, UIUC, and used the digital camera for all high magnification image acquisition. Data was collected continuously over a period of 17 hours; a total of 68 grid squares were examined and 544 holes were identified as containing suitable ice. The intermediate magnification targeting algorithm was used to identify the presence and location of filaments within the hole. The longest, straightest filament within each hole was targeted for high magnification digital acquisition. A total of 235 filaments were targeted in this way and 226 high magnification images were subsequently acquired using the CCD camera. The 9 images of targeted filaments which were not acquired were due to problems associated with drift or the inability of the automated algorithm to set a suitable defocus value. Several examples of images acquired this way are in figure 7.
Discussion
Our goal in this paper has b een to demonstrate that we have developed an automated system that can perform all of the tasks normally performed by a trained microscopist in acquiring images from vitreous ice specimens. The Leginon system is routinely used on a weekly basis at the Beckman Institute and has been used at the Scripps Institute to collect data on a number of occasions. The amount of time required to set up the system and begin acquiring data is less than one hour and this time includes aligning the microscope and setting up the low dose kit as well as initial calibrations for grid and hole geometry and ice thickness. We are now at the stage that once the system has been setup and begins to acquire data, no intervention is required on the part of the operator other than to refill the cryogens. Typically, we continuously acquire data for 12 to 18 hours but the system has been run on several occasions for over 30 hours.
We tested the Leginon system on a variety of specimens. The experiment using cow pea mosaic virus demonstrated that the system could acquire 12,000 images of single particles in a single session. We are confident that we could increase the number of acquired images by at least a factor of 4. The application experiments with TMV demonstrated that the system could acquire large numbers of images of helical filaments to the CCD with a resolution of approximately 10A at a magnification of 66,000x. For the microtubules, images were acquired both to film and the CCD. Visual inspection of the films judged that the overall performance of the system was equivalent to that of a highly experienced microscopist. Digital images acquired using the CCD demonstrated the potential of the system for replacing film and thus bypassing many of the tedious and time consuming steps associated with acquiring sufficient data for a three dimensional map.
In either case the automated system has some advantages in providing instantaneous feedback as to the quality of the specimen, drift rate, defocus settings etc.
It also allows an experiment to be monitored from any location, for example, the experiment running in Illinois is frequently monitored from Scripps in California.
We have made the results of one of the automated experiments available for viewing over the web. In this experiment, images of TMV were acquired at 66,000x. These images along with associated low and intermediate magnification images can be viewed at http://www.itg.uiuc.edu/technology/automated_microscopy/.
Cryoelectron microscopy has traditionally been a d ifficult technique that few laboratories have mastered. Acquiring high quality images of specimens embedded in vitreous ice normally requires substantial training and regular practice. Our goal was to provide a system that would allow a relatively inexperienced operator to routinely acquire good quality micrographs of specimens embedded in vitreous ice. The Leginon system is currently being used in two laboratories. At the Beckman Institute, where the system was developed, it is normally set up and managed by an individual with no training in microscopy. In contrast, at the Scripps Research Institute, the system is managed by a microscopist with no special training with computers. Both individuals can effectively use the system to obtain good quality micrographs.
The Legion system can automatically acquire images to film and thus emulate the current system of acquiring data. However, since the operator must manually change the film cassette every 56 plates this is not ideal for a high throughput operation. Clearly, CCD cameras are a preferable medium for high magnification image acquisition. The principal disadvantage is the limited area of the specimen imaged by the digital detector as compared to film at equivalent resolution. From our preliminary results we believe that a 2Kx2K camera combined with the specimen targeting algorithm will allow us to collect data directly to the CCD and effectively eliminate the need for film.
At this stage of development of the Leginon system the time required to automatically acquire a micrograph is longer that required by an experienced microscopist to perform the same task. This is particularly true when the specimen is sparsely dispersed, as a microscopist is faster at locating the specimens and the good imaging areas on the grid.
We are planning to improve the performance of the system by improving computational efficiency and moving the computationally intensive algorithms to a parallel computer architecture. We are also developing more intelligent algorithms to speed up identification of suitable areas of the grid. Our goal is to improve the acquisition time by at least a factor of 4.
With improved timings and a larger area CCD we are confident that we will be able to automatically acquire images directly to the CCD of high quality and with an efficiency that will make the automated collection techniques a viable and attractive alternative to manual data acquisition. 
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Figure 7: Images of microtubules acquired using the CCD camera at a magnification of 38,000x
